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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract
In this paper we present a unique Fraunhofer approach that aims towards a vision to automate the product preparation in paint shops by auto-
matically generating robot paths and process conditions that guarantee a certain wanted paint coverage. This will be accomplished through a
combination of state-of-the-art simulation technology, inline quality control by novel terahertz thickness measurement technology, and surface
treatment technology. The benefits of the approach are a shortened product preparation time, increased quality and reduced material and energy
consumption. The painting of a tractor fender is used to demonstrate the approach.
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1. Introductio
Almost ll products are coated, on the one hand for func-
tional reasons, on the other hand, for decorative ones. The
coating provides e.g. corrosion protection and an opportunity to
meet the increasing requests for individualization of products.
In addition to the need for rapid adaptability the industry also
faces increased demands on sustainable production and reduc-
tion of energy and raw material consumption. As an example
from the AUDI plant in Ingolstadt, Germany, that consists of
press shop, body-in-white, paint shop and assembly, 53% of
the total energy is consumed by the spray painting process. For
the emissions of volatile organic components (VOCs) and haz-
ardous air pollutants the paint shop processes are responsible
for 99% [1]. The length of a coating l e from the body-in-
white shop to the fin l assembly is usually between two a
three kilometers. Roughly 60 cars are co t d per hour and the
dwell time i the p int shop is about 8-11 hour [2]. This means
that the paint shop not only has a large environmen al impact
it is also often a bottlen ck in production. However, due to
its great complexity the painti process off rs any possibili-
ties to improve the use of energy and aw material, and reduce
emissions, that have direct im act on sustainable auto otive
production.
Virtual tools are frequently used to support an effe tive prod-
uct and production realization, but such tools are not commonly
used in the paint sh s. In the paint shops the product prepara-
tion, when robot paths and process parameters are fine-tuned, is
a slow and co tly trial-and-error procedure, where a large num-
b r of prototypes are pai ted until a satisfactory result has been
obt ined. There is therefore a great ne d to improve th product
preparati n process a d this is absolutely nec ssary to meet the
future demands on fast adaption and tailored solutions for new
material combinations and products.
A common technique to apply paint is to use an Electrostatic
Rotary Bell Sprayer, see Figure 3. Paint is injected at the center
of a rotating bell; the paint forms a film on the bottom side of
the bell and is atomized at the edge. The droplets are charged
electrostatically and driven towards the target both by shaping
air surrounding the rotating bell and by a potential difference
in t e o der of 50-100kV between paint applic tor and target.
Therefore, we are facing a very mplex process characterized
by multi-phase flow, large m ving ge metries, multi-scale phe-
n mena and even multiphysics aspects. For this reason general
purpose softwar ofte require weeks of simulation time even
on supercomputers, and i the lit ature only limited earlier
w rk on od ling and simulation can be found [3–5]. A novel
simulation fra ework that makes it possible to accurately sim-
ulate spray painting of e.g. a car or truck cab in only a few hours
on a standard computer was recently presented [6,7]. This is an
extreme i rovement co pared to earlier approaches. Unique
algorithms for c upled simulations of air flows, electrostatic
fields and charged paint particles make this possible.
In an ongoing Fraunhofer project with the institutes IPA,
ITWM and FCC, the aim is to completely automate the gen-
eration of the robot programs and process parameters to guar-
c 018 The Authors. Published by Elsevier B.V.
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1. Introduction
Almost all products are coated, on the one hand for func-
tional reasons, on the other hand, for decorative ones. The
coating provides e.g. corrosion protection and an opportunity to
meet the increasing requests for individualization of products.
In addition to the need for rapid adaptability the industry also
faces increased demands on sustainable production and reduc-
tion of energy and raw material consumption. As an example
from the AUDI plant in Ingolstadt, Germany, that consists of
press shop, body-in-white, paint shop and assembly, 53% of
the total energy is consumed by the spray painting process. For
the emissions of volatile organic components (VOCs) and haz-
ardous air pollutants the paint shop processes are responsible
for 99% [1]. The length of a coating line from the body-in-
white shop to the final assembly is usually between two and
three kilometers. Roughly 60 cars are coated per hour and the
dwell time in the paint shop is about 8-11 hours [2]. This means
that the paint shop not only has a large environmental impact
it is also often a bottleneck in production. However, due to
its great complexity the painting process offers many possibili-
ties to improve the use of energy and raw material, and reduce
emissions, that have direct impact on sustainable automotive
production.
Virtual tools are frequently used to support an effective prod-
uct and production realization, but such tools are not commonly
used in the paint shops. In the paint shops the product prepara-
tion, when robot paths and process parameters are fine-tuned, is
a slow and costly trial-and-error procedure, where a large num-
ber of prototypes are painted until a satisfactory result has been
obtained. There is therefore a great need to improve the product
preparation process and this is absolutely necessary to meet the
future dem nds on fast adaption and tailored solutions for new
material combinations and products.
A common technique to apply paint is to use an Electrostatic
Rotary Bell Sprayer, see Figure 3. Paint is injected at the center
of a rotating bell; the paint forms a film on the bottom side of
the bell and is atomized at the edge. The droplets are charged
electrostatically and driven towards the target both by shaping
air surrounding the rotating bell and by a potential difference
in the order of 50-100kV between paint applicator and target.
Therefore, we are facing a very complex process characterized
by multi-phase flow, large moving geometries, multi-scale phe-
nomena and even multiphysics aspects. For this reason general
purpose software often require weeks of simulation time even
on supercomputers, and in the literature only limited earlier
work on modeling and simulation can be found [3–5]. A novel
simulation framework that makes it possible to accurately sim-
ulate spray painting of e.g. a car or truck cab in only a few hours
on a standard computer was recently presented [6,7]. This is an
extreme improvement compared to earlier approaches. Unique
algorithms for coupled simulations of air flows, electrostatic
fields and charged paint particles make this possible.
In an ongoing Fraunhofer project with the institutes IPA,
ITWM and FCC, the aim is to completely automate the gen-
eration of the robot programs and process parameters to guar-
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antee a certain paint thickness and make even lot size 1 produc-
tion possible. This will be accomplished through a combina-
tion of state-of-the-art simulation technology for multiphysics
simulation of the spray painting process [6–9], automatic robot
path planning [10,11], inline quality control by terahertz thick-
ness measurement technology [12], and surface treatment tech-
nology. The benefits of the approach are a shortened product
preparation time, increased quality and reduced raw material
and energy consumption.
The rest of the paper is organized as follows: In the next sec-
tion the different building blocks of the paint booth are briefly
described. In Section 3 some initial results on a tractor fender
are presented. The last section summarizes the paper and dis-
cusses future work.
2. Methodology
The architecture of the self-programming paint booth is di-
vided into five main modules as illustrated in Figure 1, and
briefly described in the following subsections.
In the first module the object is 3D-scanned and the resulting
point cloud is used to generate a surface representation of the
object, unless a CAD is readily available, and for positioning of
the object in the paint booth. In the second and third modules,
an optimal robot path and process parameters are determined
based on multiphysics and projection-based simulations. After
the painting in the fourth module, quality control is performed
based on inline terahertz thickness measurements in the fifth
module.
Fig. 1. The cloud architecture of the cyber-physical SelfPaint system.
2.1. 3D-scanning
The aim of the 3D-scanning module is the development of
a cost-efficient and flexible solution for capturing 3D objects
in the form of a point cloud and the subsequent positioning of
the objects in the paint booth. This is realized by using the
Kinect 2-sensor from Microsoft combined with image analysis
algorithms. The position information of the object in the paint
booth is then transferred to the simulation software and thick-
ness measurement system.
2.2. Simulation technology
The multi-physics framework for simulation of electro-
statically charged bells consists of the Navier-Stokes solver,
IPS IBOFlow (Immersed Boundary Octree Flow Solver) [13],
which is based on a finite volume discretization on a Cartesian
octree grid that can be dynamically refined and coarsened. The
Navier-Stokes equations are solved in a segregated way and the
SIMPLEC method is used to couple the pressure and the veloc-
ity fields [14]. Unique immersed boundary methods are used to
impose the boundary conditions on the objects in the computa-
tional domain [15–17].
The electrostatic solver is based on the same discretization
framework and immersed boundary conditions are used to set
the voltages at the applicator and target geometry [8,9]. The
paint droplets are simulated as Lagrangian particles and their
motion is given by the Basset-Boussinesq-Oseen (BBO) equa-
tion [18].
To speed-up the simulations a split is made between the near-
bell region and the outer region, as seen in Figure 2. The un-
derlying assumption is that the air flow and paint droplets in the
near-bell region are not affected by the painted object. The near-
bell simulation can therefore be performed offline with very
high precision. The simulated air and droplet velocities, and
droplet paths, at the cylindrical interface between the two re-
gions, are then stored in a database. This database is later used
as input for the online laydown simulations.
Fig. 2. The simulations are split in two regions. The near bell region (1) and
the outer region (2).
Since the aim is to use the simulations for optimization of the
robot path and process parameters the multiphysics simulation,
despite being comparatively fast, needs to be combined with a
projection-based method. In the projection method a stationary
spray profile is generated based on the multiphysics simulations
and paint thickness measurements on flat panels.
2.3. Path planning and optimization
Automatic path planning addresses the problem of finding
collision free motions of moving objects. It is a well estab-
lished research area and there are a number of distinguished
groups in the world. Complete algorithms are of little indus-
trial relevance due to the complexity of the problem. Instead,
sampling-based techniques trading completeness for speed and
simplicity are the methods of choice. Common for these meth-
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ods are the needs for efficient collision detection, nearest neigh-
bour searching, graph searching and graph representation. The
two most popular methods are; probabilistic roadmap methods
(PRM) and rapidly-exploring random trees (RRT). The PRM
samples randomly among all configurations of an object, keeps
the collision-free samples, and then connects those pairwise
if the straight line path between them is collision-free [19].
The RRT incrementally builds two trees from the start and the
goal configurations, respectively. In each step an attractor is
generated at random and trees are expanded from the near-
est node towards the attractor. The iteration stops when the
trees overlap [20]. Inspired by both these probabilistic methods
Fraunhofer-Chalmers Centre (FCC) has developed a determin-
istic path planner that adaptively adjusts a grid in the configu-
ration space.
The optimization is initiated with a starting guess of the ap-
plicator path and then an iterative gradient-based procedure fol-
lows that utilizes a combination of projection and multiphysics
simulations. Suitable rules for painting and acceleration limita-
tions are taken into account. In the next step, a task planning is
performed in which the IPS Path Planner is used to search for
low cost robot motions. The cost associated with a motion is a
weighted sum of penalties for execution time, joint motion, de-
viation from the optimized path, and small clearance. Finally,
the brand specific robot code is transferred to the paint robot.
2.4. Spray painting technology
The coating line at Fraunhofer IPA is utilized to generate in-
put conditions to the simulations and for validation of the sim-
ulated paint thickness with measurements. At the end of the
project in early 2019 a demonstrator of the self-programming
paint booth will be built-up at IPA in Stuttgart.
The input to the simulations include the paint droplet size
distribution which is measured using a laser diffraction system,
see Figure 3, and optionally also air and droplet velocities close
to the bell cup that are measured using laser doppler anemom-
etry (LDA) [21]. Furthermore, the electrostatic charge on the
paint particles are estimated based on measurements of the cur-
rent generated by the droplets on a target plate [22].
Fig. 3. Measurements of particle size distribution from an Electrostatic Rotary
Bell Sprayer using a laser diffraction equipment.
2.5. Thickness measurement technology
The non-contact, thickness measuring system based on ter-
ahertz technology, developed by Fraunhofer ITWM, enables
the measurement of single layers in multi-layer coatings with
a repeatability of less than 1µm[12]. The flexible use of the
robot-controlled measuring head for different applications e.g.
for the measurement of complex 3D components, is among oth-
ers guaranteed using a 20m long supply line, see Figure 4.
The thickness measurement technology, in addition to the
final inspection on real components, also provides the layer
thickness information for validating the simulated layer thick-
ness distribution. As part of a measurement campaign at Fraun-
hofer IPA, around 50,000 measurements were carried out, in





The results showed that a very good agreement with well
known magneto-inductive measurements could be achieved for
all coating systems, see Figure 5 for an example. Furthermore,
the terahertz technology offers the possibility of a contactless
measurement of the layer thickness of the wet paint film.
Fig. 4. Terahertz thickness measurement system with a sensor-controlled exter-
nal measurement head.
Fig. 5. Paint thicknesses measured with the terahertz technology at 15 differ-
ent positions directly after painting (green) and after curing (blue). The cor-
responding standard magneto-inductive measurements (red) are included for
comparison.
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3. Results
To validate the approach of splitting the simulations in two
regions according to Figure 2 a simple stroke across a flat plate
was performed.






















Fig. 6. A comparison of the resulting paint thickness on the panel for the multi-
physics simulation in IPS Virtual Paint, simulations performed in Ansys Fluent,
and measurements.
In Figure 6 the results obtained by IPS Virtual Paint are com-
pared to Ansys Fluent results, and measurements. As can be
seen in the figure there is a nice agreement and the IPS Virtual
Paint results are obtained at a very small fraction of the compu-
tational cost required for performing the Ansys Fluent simula-
tion. The next step was to validate the procedure and simulation
accuracy on a realistic geometry. For this two fenders from John
Deere that have been mounted on a rack (Figure 7), and painted
using the simple robot path shown in Figure 8, were chosen.
A snapshot from the simulation in IPS Virtual Paint is shown
in Figure 9. Measurements were performed along several lines
of the fenders as seen in Figure 10, and the positioning of the
fenders were determined based on the 3D-scanning technology.
Fig. 7. For validation of the procedure two fenders from the company John
Deere were mounted on a rack and painted in the Fraunhofer IPA laboratory.
Fig. 8. A digital twin of the laboratory setup with two fenders on the rack was
built-up in the IPS Virtual Paint software.
Fig. 9. A snapshot from the painting of the fender in IPS Virtual Paint.
Fig. 10. The horizontal (top) and vertical (bottom) measurement lines on the
upper fender.
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In Figures 11 and 12 the simulated results are compared to
the measurements. Overall the agreement is good with an aver-
age difference of estimated paint thickness around 10%.
Fig. 11. A comparison between simulated and measured results along the hori-
zontal lines of the upper fender.
Fig. 12. A comparison between simulated and measured results along the ver-
tical lines of the upper fender.
The gradient-based optimization approach was also applied
to the painting of the fender. In Figure 13 the resulting paint
thickness for the initial path is compared to an optimized path.
A much more uniform paint thickness is obtained for the opti-
mized path.
Fig. 13. A comparison of the paint thickness for the initial path (top) and opti-
mized path (below).
4. Conclusions
In this paper the concept of a self-programming paint booth
has been introduced. The basis is a fusion of state-of-the-art
simulation technology, inline quality control by terahertz thick-
ness measurements and surface treatment technology. The con-
cept has been demonstrated for the painting of a tractor fender.
Future work includes to fine tune the different technologies and
establish robust interfaces to handle the data exchange between
the modules. A physical prototype will also be built for demon-
stration purposes. The cloud based setup facilitates portability
and further advantages of the procedure include a substantially
shortened product preparation time, increased quality and re-
duced material and energy consumption. The automation of
small product series will be facilitated and manual painting can
therefore to a larger extent be replaced by robotized solutions.
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